This paper investigates the effects of adding microencapsulated phase change materials (PCM) on the thermal conductivity of cement paste and cement mortar composites. Embedding cementitious composites with microencapsulated PCM has been considered a promising method for increasing the thermal mass of buildings to achieve greater energy efficiency and for reducing the risks of thermal cracking in pavements. Cement paste and cement mortar samples were synthesized with a constant water to cement ratio of 0.45. Both contained microencapsulated PCM with diameter ranging from 17-20 µm, volume fraction up to 30%, and a melting temperature around 24
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Introduction
Embedding phase change materials (PCMs) in a concrete matrix has been proposed as a mean to improve building energy efficiency [1] [2] [3] and reduce the risk of thermal cracking [4, 5] .
PCMs achieve such beneficial actions by increasing the thermal mass (i.e., heat capacity) and thermal resistance by lowering the effective thermal conductivity of the cementitious composite materials [1] [2] [3] . Indeed, PCMs can store and release thermal energy in the form of latent heat through a reversible phase transition between solid and liquid states, actions which superimpose onto the sensible heat capacity of the concrete [6] [7] [8] [9] .
The thermophysical properties of cementitious composites, such as the heat capacity and thermal conductivity, are critical input variables required for modeling their thermal behavior and engineering performance for design purposes. For example, these properties determine the heat flow into and out of the building as well as the time lag in the building thermal load [10, 11] . Similarly, it is important to understand the development of temperature and restrained stress gradients in cementitious composites to estimate the risk of thermal cracking [4, 5] . From thermodynamic considerations, the effective volumetric heat capacity of cementitious composite materials with embedded microencapsulated PCM can be express as [10] (ρc p This paper aims to quantify the effect of incorporating microencapsulated PCM inclusions on the effective thermal conductivity of Type I ordinary Portland cement (OPC) pastes and mortars. A guarded hot plate apparatus was designed and fabricated, and its measurement performance rigorously validated. The effective thermal conductivity of cement pastes and 5 mortars with various volume fractions of cement paste, mineral aggregates (e.g., quartz inclusions), and functional inclusions (microencapsulated PCMs) was measured. The results also provided experimental validation of effective medium approximation (EMAs) for threephase cementitious composites.
Background
Thermal conductivity measurement methods
Experimental methods available to measure the thermal conductivity of bulk solid materials can be categorized as either transient or steady-state. Transient methods include the plane source [13] , hot strip [14] , hot wire [15] , hot bridge [16] , and laser flash methods [17] . The first four methods involve temperature measurements collected over a time period ranging from 10 ns to 100 s during which the sample is heated [14] [15] [16] . A thin sensor is used to generate a pulse of thermal energy dissipated by the sample while simultaneously measuring the associated change in temperature at the sample surface [14] [15] [16] . The measured rate of thermal dissipation and change in sample temperature are used to calculate the thermal effusivity defined as e = √ ρc p k where ρ, c p , and k are density, specific heat, and thermal conductivity of the sample, respectively [18] . The hot bridge method offers greater accuracy than the other three methods by using multiple sensors aligned in a Wheatstone bridge to collect sample surface temperature measurements with enhanced sensitivity [16] . Alternatively, the flash method [17] infers the thermal diffusivity α, defined as α = k/ρc p . A pulse of thermal energy is applied to the front face of a parallel plane sample while the change in temperature on the back face is measured over a period of time [17] . The thermal diffusivity is then calculated based on the thickness of the sample and the time required for the back surface to reach half of its maximum temperature measured over the duration of testing [17] .
Since these transient methods do not measure thermal conductivity directly, uncertainty is introduced if the density ρ and specific heat c p are not measured independently [19] .
Steady-state methods, such as the hot plate and the guarded hot plate methods, measure the temperature difference across a sample maintained between a hot and a cold surface and subjected to one-dimensional (1D) steady-state heat conduction [20] . The thermal conductivity of the sample is determined from Fourier's law, based on the imposed heat flux and the measured temperature gradient across the sample [20, 21] . The hot plate method features simple measurement and analysis [20, 21] . However, radial heat losses in the hot plate make it difficult to achieve 1D steady-state conditions, thus introducing uncertainty in the measured thermal conductivity [20] . To mitigate these heat losses and to ensure 1D heat conduction, the guarded hot plate method includes a heated "guard" ring concentric to the center "metered" section of the heating element [20, 21] . The gap is filled with either air or a thermally insulating material to enhance radial thermal resistance around the hot plate.
In addition, the guard ring is maintained at the same temperature as the metered section.
Overall, steady-state methods offer a direct measurement of thermal conductivity k, whereas transient methods require prior knowledge of the sample's density ρ and specific heat c p . Steady-state methods are also simpler in terms of apparatus design and fabrication, experimental procedure, and data analysis [16] . However, they require longer experimental time than transient methods [13, 17, 22] . In this study, thermal conductivity measurements of cement paste and cement mortar containing microencapsulated PCM were performed using a guarded hot plate apparatus designed, fabricated, and validated per ASTM C177-13 [22] . Table 1 summarizes the effective thermal conductivity reported in the literature for cement paste with different water to cement ratio (w/c), age, and free moisture content ϕ w , defined as the ratio of the volume of free water in a composite to its total volume of porosity [8, [23] [24] [25] [26] [27] [28] .
Thermal conductivity of cementitious composites
Most studies used one of the above-mentioned transient methods to measure the thermal conductivity. Xu and Chung [24] measured the thermal conductivity of Type I OPC paste samples with w/c of 0.45 using the laser flash method. More recently, Demirboga [26] measured the thermal conductivity of Type I OPC paste with a w/c of 0.35 using the hot wire method. Similarly, Bentz [23] measured the thermal conductivity of Type I OPC paste 7 samples with w/c of 0.3 and 0.4 at 20
• C using a transient plane source method. Table 1 indicates that measurements reported in these studies [23, 24, 26] differed by a factor of 2 although they considered similar cement pastes. To the best of our knowledge, Demirboga [26] did not specify the sample temperature and specific heat while Bentz [23] did not specify the sample density. In addition, the specific heat of cement paste used by Xu and Chung [24] was 736 J/(kg·K) and almost half of that reported in the literature at 1530 J/(kg·K) [29] .
This probably explains why the thermal conductivity reported by Xu and Chung [24] was almost half of that reported by Demirboga [26] and Bentz [23] .
The effective thermal conductivity of cement paste has been shown to decrease as the water to cement mass ratio increased [23] . This can be attributed to the enhanced pore formation within the composite with increasing amount of water [30] . The thermal conductivity of cement paste has also been observed to decrease by up to 30% over a 7-day hardening period but remained unchanged beyond this period [31, 32] . The hardening process can take place in either water, ambient air, or humid air with up to 100% humidity [31, 32] . The thermal conductivity of cement paste was found to decrease significantly more when hardening occurred in ambient air [31] rather than in water [32] , when the pores are filled with air instead of water. Kim et al. [33] found that the thermal conductivity of cement paste at temperatures between 20-60 • C decreased by up to 35% as the free moisture content ϕ w decreased from 1 to 0. This can also be attributed to the difference in thermal conductivity between air and water filling up the pores [33] .
Moreover, the type and volume fraction of aggregates present in cement mortar composites can alter their effective thermal conductivity [25, 33, 34] . Table 2 summarizes the experimental studies reporting the thermal conductivity of cement mortar with different types and amount of aggregate inclusions as well as w/c ratio, age, and free moisture content ϕ w [25, 28, 33] . For example, Uysal et al. [25] measured, using the hot wire method, the effective thermal conductivity of cement mortar containing pumice aggregate with a volume fraction ϕ agg of up to 0.75. They found that the thermal conductivity was up to 46% lower than that of similar plain cement paste samples. This can be attributed to the fact 8 that pumice (a highly porous volcanic rock) has a lower thermal conductivity than cement paste [34] . It has also been reported that the effective thermal conductivity of cement mortar increased with increasing free moisture content ϕ w [27, 28, 33, 35] . Jin et al. [35] measured the thermal conductivity of autoclaved aerated concrete with increasing free moisture content at 20
• C using a transient plane source method. The thermal conductivity was found to increase by about 13% per degree of free moisture content ranging between 0 and 15% but increased by 2% per degree of free moisture content beyond [35] . Kim et al. [33] measured the thermal conductivity of fully saturated and dry cement mortar samples containing sand and stone aggregates made with different w/c ratio and aggregate volume fraction at temperatures between 20 -60 • C using a transient hot wire method. The effective thermal conductivity of these cement mortar samples was found to increase by up to 30% as the free moisture content ϕ w increased from 0 (fully dry) to 1 (fully saturated) [33] . It also decreased by up to 16% as the sample temperature increased from 20
• C and 60
• C [33] . Additionally, the authors found very little change in the thermal conductivity of these samples over time when measured over a 28-day hardening period [33] . However, the conditions of the hardening process were not described. Overall, these results were consistent with the findings of previous studies [25, 27, 28, 35] and highlight the numerous factors that can affect the thermal conductivity of cementitious composites.
Finally, adding PCM to cementitious composites has been reported to decrease the effective thermal conductivity [8, 36, 37] . Table 3 summarizes the studies reporting the effective thermal conductivity of cement mortar containing PCM either impregnated in the mortar or microencapsulated [8, 36, 37] . Both Xu and Li [36] and Zhang et al. [37] found that the thermal conductivity of cement mortar decreased linearly with increasing impregnated PCM mass fraction up to 0.3. Hunger et al. [8] reported the experimentally measured thermal conductivity of concrete containing various volume fractions of microencapsulated PCM. The authors measured the thermal conductivity of self-compacting concrete containing up to 0.12 vol.% (5 wt.%) of microencapsulated PCM between 19 and 28 • C using the hot wire method.
The specific heat and density of these samples were also measured independently. To the best of our knowledge, the thermal conductivity of other types of cementitious composites containing microencapsulated PCM has not been reported.
Effective medium approximations
Several effective medium approximations (EMAs) have been proposed to predict the effective thermal conductivity of three-component core-shell-matrix composites such as cement paste with embedded microencapsulated PCM [38] [39] [40] [41] [42] [43] . For example, Felske [38] derived an EMA to predict the effective thermal conductivity of composites with randomly distributed monodisperse spherical microcapsules embedded in a continuous matrix. In absence of contact resistance at the shell-matrix interface, the effective thermal conductivity of three-component core-shell-matrix composites can be written as [38] ,
Here, k and ϕ are the thermal conductivity and volume fraction and the subscripts c, s, and m refer to the core, shell, and matrix, respectively. Predictions of this model have been
shown to agree very well with those obtained from detailed numerical simulations of spherical monodisperse and polydisperse core-shell-matrix particles ordered or randomly distributed in a continuous matrix. Wide ranges of constituent thermal conductivities and volume fractions were considered [44] . However, to the best of our knowledge, the Felske model [38] has not yet been validated against experimental measurements.
The present study aims to measure the effective thermal conductivity of cement paste and cement mortar without and with microencapsulated PCM for volume fraction ϕ c+s ranging from 0 to 0.3 and temperature between 10 and 50 • C using the guarded hot plate method. The experimentally measured effective thermal conductivity values were compared with predictions by the Felske model [38] . Once validated against experimental data, the Felske model [38] could be used in the thermal design of cementitious PCM composites for various applications.
Materials and Methods
Sample synthesis
Two types of cementitious samples were investigated in this study, namely cement paste and cement mortar, each without and with microencapsulated PCM. The cementitious composite samples were prepared as per ASTM C305 [45] . Cement paste samples were made using The cementitious composite samples were cast into a cylindrical acrylic mold 38 mm in height and 50.8 mm in inner diameter. The samples were cured in sealed humid conditions for 24 hours. After initial curing, the samples were removed from the mold and the top and bottom of the sample were polished manually with 600 grit sand paper. All samples were aged in ambient air at room temperature and an average relative humidity around 60% for 28 days to ensure that they had fully hardened and featured a stable microstructure [31, 32] .
Samples were synthesized in duplicates since the guarded hot plate method requires two identical samples to perform the thermal conductivity measurements. In order to measure k ef f , two radial holes were drilled and two thermocouples were embedded along the vertical axis of each aged sample, separated by an axial distance L of 25 mm. Thermal cement (Arctic Alumina) with a thermal conductivity around 1 W/(m·K) was used to fix the thermocouples in place and achieve good thermal contact with the composite material.
Density measurements
The effective density ρ ef f of the cementitious composite samples was determined by measuring their volume V and their mass m independently at room temperature, i.e., ρ ef f = m/V .
These measurements were performed after the samples had aged for 28 days. The effective density of a few plain cement paste and mortar samples was also measured daily during the hardening and aging processes to determine the sample age beyond which the density remained constant. Moreover, once the thermal conductivity measurements were performed, the density of each sample investigated was measured for oven dry and fully saturated moisture conditions. To achieve a fully dry state, samples were dried at 105
• C in a sealed oven for 24 h [27] . To achieve a fully saturated state, they were submerged in boiling DI water for 5 h [27] . Then, the free moisture content ϕ w in the aged samples of effective density ρ ef f was determined from the measured effective densities of fully dry ρ dry and fully saturated ρ sat samples according to [35, 50] ,
Guarded hot plate apparatus
To measure the effective thermal conductivity of the cementitious composite specimens, a guarded hot plate apparatus was designed and fabricated in accordance with ASTM C177-13 [22] . to each inlet pipe. Each DAQ input had a built-in cold-junction for reference measurements.
DASYlab software was used to record the data. (Dynalene, Whitehall, PA) were used as the coolant for thermal conductivity measurements at cold plate temperatures above and below 10
• C, respectively.
Data analysis
The effective thermal conductivity of sample i was calculated using Fourier's law given by Under steady-state conditions, the heat transfer rate q i was estimated as the average of the measured heat input from the guarded hot plate through each sample and of the heat removed from the cold plate i, i.e.,
where q m and q w,i are the heat transfer rates measured on each side of the sample. 
where n is the total number of measurements of k A (j) and k B (j). A minimum of four consecutive measurements of k A and k B were performed, as required per ASTM C177-13 [22] .
Operation and procedure
Measurements were performed once samples had aged for at least 28 days. First, identical samples A and B instrumented with thermocouples were placed in the test section and the clamp was tightened. The power generators connected to the resistance heating wires were then turned on and the voltages U m and U g were adjusted until the metered and guard 
Experimental uncertainty
The uncertainty in the thermal conductivity measurement of sample i depended on the systematic error in the measurements of q i , A, L i , T 1,i , and T 2,i . Based on Equation (4), it was expressed as,
where ∆x is the systematic error associated with variable x. The experimental uncertainty associated with q i was due to heat losses through the samples, resistance between the sample and the hot and cold plates, and heat losses through the gap [53, 54] . It can be written as,
Here, σ q denotes the standard deviation of the heat transfer rate q i with variance σ 2 q estimated as,
The heat loss q loss,i for sample i can be estimated as the difference between the heat input 
The uncertainties associated with q m and q w,i are respectively expressed as,
and
The Finally, uncertainty in the measured effective thermal conductivity k ef f of the cementitious composite materials of samples A and B was expressed as
where ∆k A and ∆k B are determined from Equations (7) to (12) while cov(k A (j), k B (j)) is the covariance of k A and k B defined as, 
Validation
In order to validate the guarded hot plate apparatus, the experimental methodology, and the data analysis described in the previous sections, the thermal conductivity of two certified 
where T is the sample temperature (in • C). Equations (7) to (14) . It is evident that the experimentally measurements agreed, within experimental uncertainty, with predictions by Equation (15) over the entire temperature range considered. These results established that the guarded hot plate apparatus, experimental methodology, and the data analysis were valid and could be used to accurately measure the thermal conductivity of cementitious composite samples. Figure 6 shows the measured density of two cement mortar samples with volume fraction ϕ q of graded quartz sand of 0.35 and 0.45 but without microencapsulated PCM, as a function of time over a 28 day hardening period. It demonstrates that density decreased significantly during the first 4 days and remained constant after 20 days. Table 4 summarizes (i) the effective density ρ ef f , (ii) the dry ρ dry , and (iii) saturated ρ sat effective densities, as well as (iv) the free moisture content ϕ w measured for each samples aged more than 28 days. It indicates that the free moisture content of the cement paste-PCM composite samples was around 0.2 -0.4 while that of the cement mortar-PCM composite samples was less than 0.1. This difference could be attributed to the fact that the graded quartz sand does not absorb water, unlike porous cement paste. increased. This can be attributed to the fact that the thermal conductivity of both the PCM core and shell was smaller than that of cement paste. Figure 7b also shows predictions by the Felske model [38] , given by Equation (2), using the effective thermal conductivity of plain cement paste (i.e., ϕ c+s = 0) measured as 1.14±0.17 W/(m·K) as the matrix thermal conductivity <k m >. Here, the thermal conductivity of the MPCM24D core k c was taken as 0.21 W/(m·K) [46, 60] and that of the shell k c as 0.42 W/(m·K) near room temperature [61] . Figure 7b indicates that predictions by the Felske model [38] agreed well with experimental measurements. The relative difference was less than 4.5%. Note that predictions by the three-phase EMAs proposed by Brailsford and Major [40] were also in good agreement with experimental data. Finally, Table 4 summarizes the effective thermal conductivity <k ef f > of cement paste-PCM composites for each composition averaged over the temperature ranged considered. Figure 8a plots the effective thermal conductivity k ef f (T ) of cement mortar containing graded quartz sand with volume fraction ϕ q and microencapsulated PCM with volume fraction ϕ c+s such that ϕ q +ϕ c+s =0.55. Here also, all samples were aged more than 28 days in ambient air. Figure 8 indicates that the effective thermal conductivity of each cement mortar composite specimen was nearly independent of temperature between 10 and 40 • C. Here also, it was not affected appreciably by the occurrence of phase change. Figure 8a shows that for constant volume fraction ϕ q + ϕ c+s = 0.55, the effective thermal conductivity of cement mortar-PCM composites decreased with increasing PCM volume fraction. Table 4 Here also, predictions by the Felske model [38] for cement mortar-PCM composites agreed very well with experimental measurements.
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A guarded hot plate apparatus was designed, assembled, and validated to measure the effec- 
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